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Recognition of Bacteria in the Cytosol
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formative, they are not likely to reflect in vivo conditions.
However, recent studies suggest that artificial methods
of introducing S. typhimurium into the cytosol may not
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555 University Avenue after bacterial invasion [6, 8]. Consistent with these ear-
lier findings, we recently determined that 2 hr after infec-Toronto, Ontario M5G 1X8
Canada tion, approximately 10% of intracellular bacteria do not
colocalize with the lysosomal glycoprotein LAMP-1, a2 Department of Molecular and Medical Genetics
University of Toronto marker of the SCV [6–8]. Transmission electron micros-
copy confirmed that these bacteria were in the cytosol#4388 Medical Sciences building
1 King’s College Circle and not in some other intracellular compartment (Figure
1A). We examined the fate of these bacteria in differentToronto, Ontario M5S 1A8
Canada cell types as a model for studying bacterial colonization
of the mammalian cytosol.
The ubiquitin system has recently been implicated in
mediating resistance of plants to bacterial pathogensSummary
[10]. We therefore examined whether the ubiquitin sys-
tem contributed to recognition of S. typhimurium in theRecent studies have suggested the existence of innate
cytosol of macrophages. To visualize ubiquitinated pro-host surveillance systems for the detection of bacteria
teins, we stained RAW 264.7 mouse macrophages within the cytosol of mammalian cells [1–4]. The molecular
the FK2 monoclonal antibody, which recognizes bothdetails of how bacteria are recognized in the cytosol,
mono- and polyubiquitinated proteins but does not reacthowever, remain unclear. Here we examined the fate
with free ubiquitin [11]. In control cells, ubiquitinatedof Salmonella typhimurium, a gram-negative bacterial
proteins were diffusely localized in the cytosol and nu-pathogen that can infect a variety of hosts [5], in the
cleus (see Figure S1A in the Supplemental Data availablecytosol of mammalian cells. These bacteria typically
with this article online). In S. typhimurium-infected cells,occupy a membrane bound compartment, the Salmo-
we observed a strong signal for ubiquitinated proteinsnella-containing vacuole (SCV), in host cells. We show
that colocalized with the surface of bacteria presentthat some wild-type bacteria escape invasion vacu-
in the cytosol (Figure 1B). No signal for ubiquitinatedoles and are released into the cytosol. Subsequently,
proteins was observed to colocalize with bacteria pres-polyubiquitinated proteins accumulate on the bacte-
ent in LAMP-1 vacuoles (Figures 1B and 1C). Addition-rial surface, a response that was witnessed in several
ally, no colocalization with extracellular bacteria wascell types. In macrophages but not epithelial cells,
observed, confirming the specificity of the antibodies.the proteasome was observed to undergo a dramatic
Recognition of cytosolic bacteria by the ubiquitin sys-subcellular relocalization and become associated with
tem was also observed in other cell types, including ratthe surface of bacteria in the cytosol. Proteasome inhi-
brain neurons (Figure S1B).bition promoted replication of S. typhimurium in the
To further examine the nature of ubiquitinated pro-cytosol of both cell types, in part through destabiliza-
teins associated with the surface of S. typhimurium intion of the SCV. Surprisingly, the cytosol-adapted
the cytosol, we stained infected cells with the FK1 mAb,pathogen Listeria monocytogenes avoided recogni-
which specifically recognizes poly- but not monoubiqui-tion by the ubiquitin system by using actin-based mo-
tinated proteins [11]. This revealed that polyubiquiti-tility. Our findings indicate that the ubiquitin system
nated proteins had accumulated on S. typhimurium inplays a major role in the recognition of bacterial patho-
the cytosol (see Figure S1C). Because proteasomes de-gens in the cytosol of mammalian cells.
grade polyubiquitinated proteins throughout the cell
[12–14], we analyzed proteasome localization in infected
Results and Discussion cells by confocal microscopy. Initially, proteasomes
were diffusely localized in the cytosol and nucleus, and
The mechanisms governing the fate of bacterial patho- did not associate with bacteria present in the cytosol
gens that enter the cytosol of mammalian cells are un- at 2 hr postinfection (Figure 2A). At later times, however,
clear [2]. To examine the fate of S. typhimurium in this a significant fraction of proteasomes was recruited to
compartment, previous studies relied on genetic manip- S. typhimurium present in the cytosol (Figure 2B). In
ulation (of the bacteria or host cell) or drug treatment some infected cells, the nucleus was completely de-
to cause S. typhimurium to escape from its vacuole pleted of signal, and the proteasome content of the
[6–8]. Goebel and colleagues have also used microinjec- cell was localized exclusively around cytosolic bacteria.
tion to deliver these bacteria into the cytosol of mamma- Maximal association was observed at 4 hr postinvasion
lian cells [9]. Although these approaches have been in- (see below). At 8 hr postinvasion, the proteasome was
localized to small structures containing ubiquitinated
proteins that did not have the normal rod-shaped mor-*Correspondence: john.brumell@sickkids.ca
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Figure 1. Ubiquitinated Proteins Accumulate on the Surface of S. typhimurium in the Cytosol of Mammalian Cells
(A) Transmission electron micrograph of RAW 264.7 macrophages infected with S. typhimurium for 2 hr. The arrow indicates a bacterium
present in the cytosol (see inset), and the arrowhead indicates a bacterium present in a vacuole. The scale bar represents 1 m.
(B) Confocal immunofluorescence z section of cells infected with S. typhimurium for 2 hr, fixed, and stained for LAMP-1 (red) and bacteria
(blue), shown in the left panel. Ubiquitinated proteins were visualized with the FK2 mAb and are shown in the right panel (green). The arrow
indicates bacteria present in the cytosol, and the arrowhead indicates bacteria present in vacuoles. The scale bar represents 5 m.
(C) Cells were infected as in (B), and the fraction of bacteria colocalizing with both ubiquitinated proteins and the SCV marker LAMP-1 was
quantified for three independent experiments. All bacteria that were not recognized by the FK2 mAb were colocalized with LAMP-1.
phology of bacteria, suggesting that S. typhimurium had micin-treated cells, suggesting that replication had oc-
curred in this compartment (Figures 3B and 3C).been degraded (Figure 2C).
To determine if the proteasome contributes to restric- Next, we quantified intracellular replication of bacteria
by using the gentamicin resistance assay [16]. Astion of S. typhimurium growth in the cytosol of macro-
phages [7], we treated cells with epoxomicin, a potent shown, proteasome inhibition led to an approximately
4-fold increase in intracellular bacteria 5 hr after invasionand specific inhibitor of proteasome activity [15]. In un-
treated cells, the fraction of total S. typhimurium present (Figure 3D). Interestingly, the total number of intracellu-
lar bacteria was similar at 4 hr postinfection with orin the cytosol was maximal at 2 hr postinvasion and
declined thereafter (Figure 3A). After inhibiting protea- without epoxomicin (Figure 3D), despite the fact that
there was an increased number of cytosolic bacteriasome activity with epoxomicin, we observed a signifi-
cant increase in the fraction of total bacteria present observed microscopically at that time point (Figure 3A).
This observation suggests that proteasome inhibitionin the cytosol at 4 hr. Similar results were seen after
treatment with clasto-lactacystin -lactone, another potentiated disruption of the SCV. We have previously
demonstrated that endosome maturation inhibitors,proteasome inhibitor. In some cases, we observed large
numbers of bacteria present in the cytosol of epoxo- such as the PI3 kinase inhibitor wortmannin, can pro-
Figure 2. The Proteasome Is recruited to
S. typhimurium Present in the Cytosol of Mac-
rophages
(A–C) Confocal immunofluorescence z-sec-
tion of RAW 264.7 macrophages infected with
S. typhimurium for the indicated length of
time, fixed, and stained for ubiquitinated pro-
teins with the FK2 mAb (red in merge) or pro-
teasomes (green in merge). The arrows indicate
cytosolic bacteria that colocalize (in yellow)
with proteasomes at 4 hr but not at 2 hr. The
arrowheads indicate the cell nuclei, which are
depleted of proteasome content 4 hr after
S. typhimurium invasion, when maximal as-
sociation with cytosolic bacteria was ob-
served. The scale bars each represent 5 m.
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effect of proteasome inhibitors on SCV stability, it is
significant that bacterial replication in the cytosol in-
creased substantially under these conditions.
Because the proteasome is recruited to the surface
of S. typhimurium present in the cytosol, it may act
directly on these bacteria to restrict their growth in this
compartment. To address this question, we counted the
number of cytosolic bacteria in infected cells and noted
which cells displayed proteasome recruitment as shown
in Figure 2. For this analysis, we examined only cells
that contained one or more bacteria in the cytosol, and
thereby ignored bacteria present in vacuoles. The num-
ber of cytosolic bacteria present in cells that displayed
proteasome recruitment was plotted separately from
those cytosolic bacteria present in cells that did not
(Figure 3E). This analysis suggested that a population
of S. typhimurium underwent replication in the cytosol
during the 6 hr postinfection period. Importantly, protea-
some recruitment to the bacterial surface did not corre-
late with a change in the number of bacteria present
in the cytosol over time. These findings suggest that
proteasome inhibition promotes bacterial replication in
the cytosol by an indirect mechanism.
We also examined the fate of S. typhimurium in the
cytosol of epithelial cells. Consistent with previous stud-
ies [7, 8], the number of bacteria present in the cytosol
of HeLa human epithelial cells increased with time after
invasion (Figure 4A). In these cells, we found that the
proteasome was not recruited to cytosolic S. typhimu-
rium at any time after invasion (Figure 4B, left panel).
Defective targeting of the proteasome to these bacteria
was not due to a lack of recognition by the ubiquitin
system in these cells because ubiquitinated proteins
were observed to accumulate on their surface (Figure
Figure 3. Proteasome Inhibition Promotes Replication of S. typhi- 4B, right panel). Consistent with our observations in
murium in the Cytosol of Macrophages macrophages, proteasome inhibition led to an increase
(A) RAW 264.7 macrophages were infected with S. typhimurium in the number of cytosolic bacteria (Figure 4A), which
for various lengths of time in the absence (circles) or presence preceded an increase in the total number of intracellular
of epoxomicin (squares) or clasto-lactacystin -lactone (triangles).
bacteria (Figure 4C). This further supports our hypothe-Cells were then fixed and costained for ubiquitinated proteins with
sis that proteasome inhibition promotes disruption ofthe FK2 mAb and S. typhimurium. The fraction of cytosolic bacteria
the SCV.(those colocalized with ubiquitinated proteins) was quantified for
three independent experiments. To determine if recognition by the ubiquitin system
(B) Cells infected for 4 hr in the presence of epoxomicin were fixed was unique to S. typhimurium, we infected cells with
and stained for ubiquitinated proteins with the FK2 mAb (green) and Listeria monocytogenes, a gram-positive bacterial patho-
LAMP-1 (red). The scale bar represents 5 m. gen that has a very different cell wall from that of
(C) Transmission electron micrograph of cells infected as in (B). The
S. typhimurium. After uptake, L. monocytogenes lysesarrow indicates bacteria undergoing replication in the cytosol (see
the vacuole it occupies to colonize the cytosol of theinset). The scale bar represents 2 m.
host cells, including macrophages [19]. The bacteria(D) Cells were infected with S. typhimurium in the absence (circles)
or presence (squares) of epoxomicin, and fold replication of intracel- then utilize actin-based motility to move within infected
lular bacteria was determined with the gentamicin resistance assay cells and propel themselves into neighboring cells, thus
(see Supplemental Experimental Procedures). allowing intercellular infection within the host. Actin-
(E) Cells were infected with S. typhimurium for the indicated length based motility is dependent on expression of ActA, a
of time, fixed, and costained for ubiquitinated proteins with the
bacterial surface protein that serves as a scaffold uponFK2 mAb and proteasomes. The number of cytosolic bacteria was
which the host cell’s actin polymerization machinery isquantified in cells with 1 bacteria in this compartment for three
assembled [20]. To minimize actin-based motility andseparate experiments. Bacterial numbers in the cytosol of these
cells were plotted according to the legend and are represented as thereby extend the residence time of L. monocytogenes
the fraction of infected cells. Bacterial numbers in cells displaying in the cytosol, we treated infected cells with chloram-
proteasome recruitment were plotted separately from those bacte- phenicol to block bacterial protein synthesis. In these
rial numbers in cells that did not. cells, the majority of L. monocytogenes present in the
cytosol were associated with ubiquitinated proteins
mote SCV disruption [8]. Proteasome inhibitors have (Figure 5A). Thus, both gram-positive and gram-negative
also been demonstrated to inhibit some aspects of en- bacteria were recognized by the ubiquitin system in the
docytosis [17, 18] and may act in a similar manner to cytosol of macrophages. Similar results were observed
after infection of rat brain neurons (not shown).promote disruption of the SCV. Despite the apparent
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Figure 4. The Proteasome Is Not Recruited to S. typhimurium in the Cytosol of Epithelial Cells
(A) HeLa cells were infected for various lengths of time in the absence (circles) or presence of epoxomicin (squares). The cells were then fixed
and costained for ubiquitinated proteins with the FK2 mAb and S. typhimurium, and the fraction of cytosolic bacteria (those associated with
ubiquitinated proteins) was quantified for three independent experiments.
(B) Confocal immunofluorescence flat projection of cells infected for 4 hr with S. typhimurium and stained for ubiquitinated proteins or
proteasomes, as indicated. The scale bar represents 5 m.
(C) Cells were infected with S. typhimurium in the absence (circles) or presence (squares) of epoxomicin, and fold replication of intracellular
bacteria was determined with the gentamicin resistance assay.
In the absence of chloramphenicol, we observed a and redistribution from the nucleus was not observed
(Figure 5E). Similar results were observed in actA mu-mixed population of L. monocytogenes, a small number
of which colocalized with ubiquitinated proteins. Impor- tants in the presence or absence of chloramphenicol
(Figure 5F). To provide a control for these experiments,tantly, bacteria that were associated with actin-rich
“comet tails” inside infected cells and that formed protu- we quantitated proteasome recruitment to the surface
of S. typhimurium (Figure 5G). How the proteasome isberances at the plasma membrane did not colocalize
with ubiquitinated proteins (Figure 5B). These bacteria specifically recruited to S. typhimurium and not L. mono-
cytogenes in the cytosol of macrophages remains to berepresent viable organisms, employing the well-described
pathogenic strategy of this microbe [19]. Because chlor- determined.
Recent evidence indicates that mammalian cells canamphenicol treatment impaired actin-based motility (not
shown) and allowed recognition of bacteria by the ubi- respond to the presence of bacteria in the cytosol by
transducing signals to the nucleus for inflammatory re-quitin system (Figure 5A), our observations suggested
that L. monocytogenes avoided the ubiquitin system by sponses [1, 3, 4]. Recognition of bacterial products in
the cytosol is mediated (at least in part) by members ofmoving rapidly in the cytosol of host cells. To test this
possibility, we infected cells with an L. monocytogenes the nucleotide binding site leucine-rich repeat (NBS-
LRR) family of proteins, which share homology to plantactA mutant, which cannot initiate actin-based motil-
ity. These bacteria were not associated with cellular bacterial-resistance genes [3, 4]. Here we demonstrate
a novel mechanism whereby cells respond to bacteria inactin structures and colocalized extensively with ubiqui-
tinated proteins in the cytosol (Figure 5C). the cytosol with the conjugation of ubiquitin to proteins
localized on their surface. This response was seen withWe also examined several L. monocytogenes mutants
that expressed different ActA protein mutations that lim- both gram-positive and gram-negative bacteria and in
several cell types, indicating that it is conserved amongited their ability to initiate actin-based motility [21]. Cells
were infected with each mutant for 4 hr, and the number mammalian cells. It remains to be seen how ubiquitin
ligases are recruited to the bacterial surface. An attrac-of bacteria that colocalized with ubiquitinated proteins
present in the cytosol was determined (Figure 5D). tive possibility is that members of the NBS-LRR family
mediate this recruitment.BUG1710 and BUG1786 encode ActA mutants capable
of inducing actin-based motility but at less than 10% The consequences of bacterial recognition in the cy-
tosol by the ubiquitin system remain unclear. In ourthe velocity of wild-type bacteria [21]. As shown, these
mutants were capable of avoiding recognition by the experiments with macrophages, conjugation of ubiquitin
preceded proteasome recruitment to the surface ofubiquitin system despite their decreased velocity in the
cytosol. BUG1625 is devoid of Arp2/3 binding and does S. typhimurium present in the cytosol. Qureshi et al.
recently demonstrated that LPS binding to the protea-not induce actin polymerization in cell-free assays or in
infected cells [21]. This mutant colocalized with ubiquiti- some potentiates its activity in vitro [23]. Their findings
and our own suggest that the proteasome is recruitednated proteins to the same extent as the actA mutant
(Figure 5D). to the surface of S. typhimurium in the cytosol, where
its activity is upregulated by the high LPS content of theOur findings demonstrate that L. monocytogenes
avoids recognition by the ubiquitin system by using ac- bacterial surface. Proteasome-mediated degradation of
S. typhimurium proteins may restrict the growth of thesetin-based motility. Other cytosol-adapted pathogens
(e.g., Shigella flexneri, Rickettsia ricketsii) also utilize bacteria in the cytosol. In support of this notion, protea-
some inhibition promoted replication in the cytosol ofactin-based motility [22], possibly to avoid recognition
by the ubiquitin system in the same manner as L. mono- macrophages. However, our analysis suggests that this
may be an indirect effect through destabilization of thecytogenes. Surprisingly, the proteasome was not re-
cruited to the surface of L. monocytogenes in the cytosol SCV and thus highlights an important (though undefined)
role for the proteasome in endosome maturation. At theof macrophages under any conditions that we tested,
Current Biology
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Figure 5. L. monocytogenes Avoids Recognition by the Ubiquitin System by Using Actin-Based Motility
(A) Confocal immunofluorescence z section of RAW 264.7 macrophages infected for 1 hr with L. monocytogenes and incubated for an additional
3 hr in the presence of chloramphenicol. Cells were then fixed and stained for LAMP-1 (red) and bacteria (blue), shown in the left panel. Ubiquitinated
proteins were visualized with the FK2 mAb and are shown in the right panel (green). The arrow indicates a cytosolic bacterium colocalizing with
ubiquitinated proteins, and the arrowheads indicate bacteria within vacuoles that do not. Under these conditions, a decrease in signal for
surface antigens was often associated with those bacteria strongly associated with ubiquitinated proteins. The scale bar represents 5 m.
(B) Cells were infected with L. monocytogenes for 4 hr, fixed, and stained for F-actin with rhodamine-phalloidin (red) and bacteria (blue),
shown in the left panel. Ubiquitinated proteins were visualized with the FK2 mAb and are shown in the right panel (green). The arrowheads indicate
bacteria undergoing actin-based motility that do not colocalize with ubiquitinated proteins (see inset). The scale bar represents 5 m.
(C) Cells were infected with a actA (nonmotile) mutant of L. monocytogenes for 4 hr, fixed, and stained as in (B). The arrow indicates nonmotile
bacteria that colocalize with ubiquitinated proteins. The scale bar represents 5 m.
(D) Cells were infected with the indicated strains of L. monocytogenes for 4 hr. Boujemaa-Paterski et al. [21] previously determined the relative
ability of each strain to undergo actin-based motility. Cells were then fixed and stained for LAMP-1, for ubiquitinated proteins with the FK2
mAb, and for DNA (DAPI staining, to label intracellular bacteria). The fraction of cytosolic (LAMP-1) bacteria that colocalized with ubiquitinated
proteins was determined with confocal microscopy for three separate experiments.
(E) Cells were infected for 1 hr with L. monocytogenes and incubated for an additional 3 hr in the presence of chloramphenicol. Cells were
then fixed and stained for ubiquitinated proteins with the FK2 mAb and proteasomes, as indicated. The arrow indicates cytosolic bacteria
that do not colocalize with proteasomes. The arrowhead indicates the nucleus of the infected cell, which is not depleted of proteasome
content. The scale bar represents 5 m.
(F) Cells were infected for 4 hr with the indicated strain of L. monocytogenes in the presence or absence of chloramphenicol. Cells were then
fixed and stained as in (E), and the fraction of cytosolic (Ub) bacteria colocalizing with proteasomes was determined for three separate
experiments.
(G) Cells were infected with S. typhimurium for the indicated length of time, fixed, and stained as in Figure 2, and the fraction of cytosolic
(Ub) bacteria colocalizing with proteasomes was determined for five separate experiments.
same time, proteasome inhibition may also impair the plays a major role in immunity to S. typhimurium [26]
and infection-mediated autoimmunity induced by thisactions of antimicrobial factors in the cytosol. For exam-
ple, some antimicrobial factors are expressed under the pathogen [27]. Our data suggest that proteins from cyto-
solic bacteria are subjected to proteasomal degrada-control of the transcription factor NF-kB, which requires
proteasome activity for its activation [24]. tion, making peptides available for MHC class I pre-
sentation. Indeed, recruitment of the proteasome toThe proteasome plays an important role in initiating
adaptive immune responses by generating bacterial S. typhimurium in the cytosol of macrophages would
be expected to provide a high local concentration ofpeptides for loading MHC class I molecules [25]. In this
regard, it is noteworthy that MHC class I presentation ubiquitinated substrates available for degradation. The
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